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SUMMARY

As a part of the overall study of the problems associated with the

behavior of rocket engine propellants stored in space-vehicle tanks

while exposed to weightlessness and solar and planetary radiant heat

sources_ the zero-gravity liquid configuration of several common liquids

in spherical glass tanks was experimentally investigated.

The zero-gravity equilibrium liquid configuration for mercury in

spherical glass tanks is one in which the liquid-vapor surface is a sur-

face of constant curvature and the mercury remains in contact with the

walls at the same contact angle as was observed in the l-g environment.

The contact angle for mercury appeared to be unaffected by the level of

the gravity field.

The zero-gravity equilibrium liquid configuration for ethyl alcohol

in spherical glass tanks is a completely wetted tank wall with a spheri-

cal vapor bubble in the interior of the liquid.

The time required to wet the tank wall completely increased with

an increase in the ratio of density to surface tension for carbon tetra-

chloride_ ethyl alcohol_ and water.

INTRODUCTION

The NASA Lewis Research Center is currently conducting a study of

the problems associated with the behavior of rocket-engine propellants

stored in space-vehicle tanks while exposed to weightlessness and solar

and planetary radiant heat sources. The condition of weightlessness

will be encountered by space vehicles during planetary oribital missions

and during periods of coast on interplanetary space missions. A knowl-

edge of the final equilibrium liquid configuration will be needed to



solve the problems of effective tank venting; pumpinlet design; orien-
tation control of space vehicles_ and effective long-term propellant
storage. The mechanics of heat transfer to stored propellants during
periods of weightlessness must be determined because the bouyant forces
that normally remove vapor bubbles from tank walls are absent_ as are
convective-heat-transfer processes. As a part of this overall study,
the liquid-configuration dynamics of several commonli%uids are being
experimentally investigated in a weightless environment without heat
input.

In general_ the forces acting on a liquid are the inertial forces
and the intermolecular forces that are exhibited in the form of the
surface-tension forces. Whena liquid is under the influence of a gravi-
ty field; the inertial forces predominate3 and only small effects of the
surface-tension forces are noticeable. TYl0ically_ the effects of domi-
nant inertial forces are the shaping of liquids in tanks; the weight of
the liquid; the hydrostatic pressure of liquid columns_ the rise of
vapor bubbles in liquids due to bouyancy3 and the convection currents
in liquids as a result of heat inputs. The effects of the surface-
tension forces are exhibited by the meniscus of liquids in contact with
solid bodies and by the capillary rise or depression in small-diameter
tubes.

However; whena liquid is removedfrom the effects of a gravity
field 3 the surface-tension forces becomesignificant because the iner-
tial forces are no longer dominant. Hence3 the equilibrium liquid con-
figuration 3 the liquid-configuration dynamicsj and the mechanics of heat
transfer are influenced to a larger degree by the surface-tension
forces.

These problem areas are currently under study3 both analytically
and experimentally; by several investigators in the field of weightless-
ness. Analytical studies of the behavior of liquids_ both wetting and
nonwetting_ in the absence of gravitational forces were undertaken by
Li (ref. i) and Benedikt (refs. 2 to 4). Experimental studies of the
behavior of liquids; both wetting and nonwetting 3 in the absence of
gravity forces have been conducted by Reynolds (ref. 5)3 Usiskin and
Siegel (ref. 6), Siegel (ref. 7), Brazinsky and Weiss (ref. 8)_ Steinle

(ref. 9), Neiner (ref. i0), and Sherley (ref. ii).

The purpose of this report is to present and discuss the experi-

mental results obtained from an investigation of the equilibrium liquid

configuration of typical wetting and nonwetting liquids in spherical

glass tanks in a weightless environment in the absence of heat inputs.

These results were obtained over a range of tank sizes and fillings. A

1.95-second period of weightlessness was obtained in a drop tower in

which the experimental package was subjected to a free fall. The test

procedures utilized ensured extremely quiescent initial conditions and

a gravity level below 10 -5 g. It should be noted that hereinafter the

terms weightlessness and zero gravity will be used synonymously.
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DISCUSSION OF ANALYTICAL CONCEPTS

The history of the study of surface-tension phenomena can be traced

as far back as Leonardo da Vinci and Sir Isaac Newton (ref. 12).

However_ it was Young (ref. 13) who first established the theory by

demonstrating how the principles of surface tension and contact angle

can be used to explain a great many capillary phenomena. The theory was

put on a firm mathematical foundation by Laplace (ref. 14) and later

Poisson (ref. 15). Further developments were made by Gauss (ref. 16),

who applied the principle of conservation of energy to the system and

obtained not only the equation of the free surface but also the condi-

tions of the contact angle. Other earlier investigators include Dupre

(ref. 17), Rayleigh (ref. 18), Gibbs (ref. 19), and Plateau (ref. 20),

who utilized soap bubbles and other devices to determine the equilibrium

configuration of liquids. Later investigations were carried out by

Langmuir (ref. 21) and Harkins (refs. 22 and 23) in this country and

Adam (ref. 2A) and Burdon (ref. 25) in England. In recent times, sur-

face phenomena have been studied by many workers 3 as attested to by the

great wealth of data on the subject (refs. 28 to 48). Some of these

investigations have concentrated primarily on contact angle (refs. 35

to A2)_ while others have devoted themselves to wetting and spreading

(refs. 43 to 48).

Liquid Contact Angle

Consider a liquid in contact with a solid surface. The free sur-

face energies at the solid-liquid-vapor interfaces may be represented

by the surface-tension forces acting in the direction of the surfaces

(ref. 49). The angle at _lich the liquid meets the solid surface, meas-

ured in the liquid, is the contact angle. A schematic diagram illus-

trating how these surface-tension forces act at the solid-liquid-vapor

interfaces is presented in figure i.

For the liquid to be in equilibrium with the solid surface 3 the

surface-tension forces at the solid-liquid-vapor interfaces must be in

balance parallel to the solid surface. Therefore,

Or:_ = Ols + Or% cos (i)

and

-i avs - aZs (2)
e = cos Cv_

where avsJ _s, and OvZ are the surface tensions of the vapor-solid,

liquid-solidj and vapor-liquid interfaces_ respectively 3 and e is the

contact angle. It is observed that the contact angle @ depends on the



magnitudes of the three surface-tension forces. When (Ovs - OZs)/OvZ
is between 0 and i_ the contact angle 8 will lie between 0° and 90°.
Whenthe contact angle 8 lies between 0° and 90o3 a commonconvention
is to call the liquid a wetting liquid. If, however, (Ovs - ais)/OvZ
lies between 0 and -i, the contact angle 8 will lie between 90° and
180o3 and the liquid is said to be a nonwetting liquid.

From these considerationsj it can be concluded that the contact
angle should remain constant in any gravity field, including a weight-
less environment, because the intermolecular forces that are exhibited
in the surfact-tension forces are independent of the level of the gravi-
ty field.

!
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Zero-Gravity Liquid Configuration

From many observations of natural phenomena_ it can be generally

concluded thatj when all the external forces on a system are removed,

the system will tend toward a state of minimum energy. Hence, when the

restraint of gravity is removed from a tank containing a wetting jor a

nonwetting liquid (i.e., when the tank is in a weightless environment),

this system will tend toward a state of minimum energy. Under these

conditionsj the contact angle and the tank geometry must be taken into

account in order to determine the equilibrium liquid configuration.

Consider a spherical tank partially filled with a wetting liquid
where the contact angle 8 is greater than 0° but less than 90° . When

in a weightless environment, the equilibrium liquid configuration will

be a constant-curvature liquid-vapor surface meeting the wall at the

same contact angle as was observed in the gravity field. Sketches show-

ing the configuration of a wetting liquid in a spherical tank under the

influence of a gravity field and during weightlessness are presented in

figure 2. In the case of a spherical tank partially filled with a non-

wetting liquid where the contact angle is greater than 90° but less than

180 °, the equilibrium liquid configuration in a weightless environment

is again a constant-curvature liquid-vapor surface meeting the tank wall

at the same contact angle as was observed in the gravity field. Sketches

showing the configuration of a nonwetting liquid in a spherical tank

_nder the influence of a gravity field and during weightlessness are

presented in figure 3.

In the case of a totally wetting liquid in a spherical tank 3 that

is, a liquid with a contact angle of 0°, the condition of a constant-

curvature liquid-vapor surface occurs only when the tank walls are com-

pletely wetted and the vapor forms a bubble in the interior of the liq-

uid. The surface energy of the bubble will then tend toward a minimum,

which is obtained by minimizing the surface areas of the bubble
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(ref. i). It can be concluded_ therefore_ that the equilibrium liquid
configuration for a totally wetting liquid in a spherical tank when
placed in a weightless environment is a completely wetted tank wall with
a spherical vapor bubble in the interior of the liquid. A sketch show-
ing the configuration of a totally wetting liquid in a spherical tank
under the influence of a gravity field and during weightlessness is pre-
sented in figure 6.

Similarly_ for a total_ nonwetting liquid in a spherical tank_
that is 3 a liquid with a contact angle of 180°_ the condition of a
constant-curvature liquid-wLpor surface occurs only whenthe liquid is
completely detached from the tank walls. The surface energy of the
liquid will tend toward a minimumwith a simultaneous reduction of the
liquid-vapor surface area. It can be concluded, therefore_ that the
equilibrium liquid configuration for a totally nonwetting liquid in a
spherical tank in a weightl_ss environment is a spherical liquid mass
completely detached from the tank walls. The tank walls will be covered
by a vapor blanket. A sketch showing the configuration of a totally
nonwetting liquid in a spherical tank under the influence of a gravity
field and during weightlessness is presented in figure 5.

In this report no attempt is madeto give a detailed account of
the exact manner in which a liquid migrates from the l-g configuration
to the weightless configuration. At present the basic mechanismof this
transition is not well deflated. However_one possible explanation is
that nonuniform pressure forces_ due to nonuniform surface curvature_
acting on the liquid-vapor Jurface of the liquid initiate the transition.

APPARATUS AND PROCEDURE

Among the several methods available for producing a weightless en-

vironment (see ref. 50), one of the most direct is to allow a test body

to undergo a free fall. During the time of free fall_ the test body

will be in true weightlessness_ as there are no restraining forces act-

ing on it.

Test Facility

In the present investigation a weightless environment was obtained

in a drop tower with a usable drop height of 85 feet that yeilds a free-

fall time of 2.S seconds. _Fnis tower is the 21-foot-square, eight-

story structure shown in fioom-res 6 and 7. In this particular facility

air drag on the experimental package is kept to a minimum by allowing

the experimental package to fall within a protective drag shield. The



exper_nental package and the drag shield were unguided during the free
fall. A schematic diagram of the experimental package and drag shield
is shownin figure 8.

A 3- by 5- by 8.75-foot-deep sandboxwas located on the first floor
of the building and served as part of a deceleration device for the ex-
periment. Adjacent to the sandboxwas a sand storage hopper, which was
used in aerating the sand. Sandaeration was accomplished by using an
enclosed screw-type auger to pumpsand from the sandbox into the hopper
and then back into the sandbox through a strainer.

The fifth floor of the drop tower served as a working and assembly
area for handling the experiment before and after a test drop. In order
to facilitate test operations, a cradle support for the drag shield was
welded to a movable section of floor that could be rolled out of the way
before each drop.

The eighth floor contained an electrically poweredhoist used for
lifting the experiment to its predrop position. Attached to a roof
beamdirectly over the drop area was a combination wire support and re-
lease mechanismfrom which the experiment washung. The release mecha-
nism consisted of a double-acting air cylinder with a hard steel knife
edge attached to the piston. Pressurization of the air cylinder forced
the knife edge to cut the wire against an anvil, thereby ensuring a
smooth release.

!
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Drag Shield

Air resistance on the experiment package was kept below 10 -5 g of

deceleration by allowing the experimental package to fall within a 400-

pound drag shield. The ratio of weight to frontal area of the drag
shield was kept high so that the deviation from a true free fall would

be kept to a minimum. Both drag shield and experiment package fell to-

gether during the test drop. Access to the inside of the drag shield

was through two detachable side plates. Three maple spikes, 3 inches

in diameter and 73 inches in length, were mounted in a row along the

bottom. These served to decelerate the drag shield and the experiment

package upon impact into the sandbox. Attached to the bottom of the

spikes were machined aluminum tips. The size of the aluminum tips was

reduced after every drop to compensate for sand packing and thus main-

tain a nominal decelerating force on the experiment of 15 g's.

Experiment Package

The fluid under investigation was contained in a spherical glass

tank suitably mounted and illuminated to allow a high-speed motion-

picture camera to photograph the entire tank during free fall. The



experimental package is shownin figure 9. The tanks used were standard,
round-bottomed, Pyrex flasks varying in size from $4 to 1068milliliters.
The tanks were mounted so that the neck was in the up position for the
nonwetting-liquid experiments and in the downposition for the wetting-
liquid experiments. It was found that the presence of the neck had no
effect on the weightless configuration of the liquid. A 16-millimeter
Fairchild high-speed camerawith a lO0-foot film capacity was used to
obtain the photographic data. Average film speed was 400 frames per
second, which gave a total running time of i0 seconds. Illumination of
the spherical tanks wasprovided by four 20-watt, 28-volt, direct-
current light bulbs. In order to keep highlights and glare to a minimum,
the tanks were mounted inside a light box having a dull white interior
finish, and the light bulbs were arranged to provide indirect lighting.
A photograph of a sphere containing mercury and mounted in place is
shownin figure i0. Electrical power for the lights and camerawas
carried in the experiment package and consisted of 48 nickel-cadmium
cells stacked into four batteries of 12 cells each. Three batteries
powered the lights, and one battery powered the camera. The lighting
circuit was connected by meansof a relay to the camera control circuit
so that lights and cameraturned off after film ran through the camera.

Test Liquids

The liquids used in this experimental investigation were triple-

distilled mercury, ZOO-proof ethyl alcohol, distilled water, and chemi-

cally pure carbon tetrachloride. The bulk of the experimental data was

obtained using mercury as being representative of a nonwetting liquid

and ethyl alcohol as being representative of a totally wetting liquid.

Limited data were obtained with water and carbon tetrachloride, both of

which are totally wetting liquids. The properties of these liquids are

given in the following tabAe:

Mercury Ethyl Water Carbon
alcohol tetrachloride

Density at 20 ° C, g/cm 3 13.546 0.7893 0.9982 1.595

1.554 1.200 1.005 1.038 at 15 ° CViscosity at 20 ° C,

centipoises

Surface tension at 20° C

in air, dynes/cm

Density/surface tension,

sec2/cm 5

476 .i

0.0284

22.5

0.0554

72.75

0.0157

26.8

0.0596



During the experimental investigation, the test liquids were at essen-

tially ambient pressure and temperature. The liquid-vapor interface in

every case was liquid to air. In the investigation of alcohol, a small

amount of blue dye (spirit blue) was added to improve the photographic

quality. The addition of the dye did not have any measurable effect on
the surface tension of the alcohol.

Operating Procedure

Before each test drop the spherical tanks were carefully cleaned

with a detergent solution and then with a chromic acid solution, rinsed

in cold running water and then in distilled water, and finally dried

over a Bunsen flame. All glassware such as graduate cylinders, funnels,

or pipettes that came into contact with the test liquid were cleaned in

the same manner. After cleaning 3 the spherical tanks were filled with

the proper amount of test liquid by means of a graduate cylinder.

A timing trace using 60-cycle-per-second line current was made with

the camera before and after every second drop. A plot of the frame num-

ber against time was later made and used to obtain equilibrium times

for the test fluids. This method resulted in a measurement of time to

an accuracy of 2 percent of the total equilibrium time.

At the start of a test drop the experiment package was statically

balanced with brass weights, loaded into the drag shield, and hoisted

to the eighth floor. A 1-foot length of wire clamped between two hard-

ened steel blocks was used to support the experiment package and drag

shield from the wire release mechanism. A photograph of the experiment

package hanging inside and supporting the drag shield is shown in figure

ll. Both side plates were attached and the hoist cables released. In

order to ensure quiescent initial conditions 3 sufficient time was allow-

ed for the disturbances in the test liquid to damp out. The camera and

lights were started by breaking an external connection_ they were allow-

ed to run for 5 seconds before the actual drop.

During the drop both experiment and drag shield fell together. Im-

mediately before impact into the sandbox, air resistance had slowed the

_rag shield to the point where the experiment package had caught up to

it, and the experiment package rested on the bottom of the drag shield.

Since the experiment package had contacted the bottom of the drag shield

before impact into the sandbox, the time in weightlessness was 1.95
seconds.

I
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RESULTS AND DISCUSSION

The experimental results of this investigation are presented in the

form of selected photographs taken from the motion-picture data obtained
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during each test drop. _le liquid configuration both in a l-g environ-
ment and in a weightless environment is discussed together with the man-
ner of transition of the liquid from the l-g configuration to the zero-
g configuration. In addition_ the effects of such parameters as tank
size and amount of liquid in the tank on the equilibrium liquid configu-
ration during weightlessness are evaluated.

Configuration of Mercury

The results of the experimental investigation of mercury in spheri-
cal glass tanks are presented in figures 12 to 22 in the form of select-
ed photographs taken from the motion-picture data obtained during each
test drop. The results obtained in the $4-_ 54-, 200-; 500-3 and lOGS-
milliliter glass spheres are presented in figures 12 to 16. For each
of these sizes of spheres and for each ratio of liquid to tank volume
investigated, two photographs are presented. TILefirst photograph
showsthe liquid configuration prior to being subjected to zero gravity.
The second photograph presents the equilibrium liquid configuration when
exposed to a zero-gravity environment. It should be noted that complete
stability was not achieved in all test drops; hence3 the photographs
showing the equilibrium configuration of the liquid were selected as
the liquid was oscillating about this configuration. The results ob-
tained from the lO0-milliliter glass spheres are presented in figures
17 to 22. These figures present a sequenceof photographs after O, 0.23
0.43 0.6_ 0.8_ 1.0_ 1.5_ and 1.95 seconds of exposure to zero gravity
for six ratios of liquid to tank volume. It should be noted that in
someof the figures the samesize tank appears as two different sizes.
This resulted from a change in the cameralens size during the experi-
mental program.

It can be seen that at I g the mercury rests in a pool at the bot-
tom of the sphere. The l_quid-vapor surface of the mercury is essen-
tially flat. At low ratios of liquid to tank volume a convex meniscus
was observed as shownin figures iS(a) to (c). The measured contact
angle of the mercury with the glass spheres used in this investigation
was of the order of 125° . As the amount of mercury in the sphere was
increased_ the height of the meniscus decreased because of the curva-
ture of the wall_ so that whenthe sphere was approximately 80 percent
full 3 no meniscus existed. Typical photographs of the 80-percent-full
sphere are shownin figures 14(f)3 15(f)_ and 21. As the liquid- to
tank-volume ratio was increased above 80 percent_ the meniscus became
concave as shownschematically in figure 3(d). It should be noted that,
regardless of the amomlt of mercury in the spheres 3 the contact angle

remained unchanged_ the variation in the height and direction of the
meniscus is a function of the curvature of the tank walls°
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Effect of volume ratio. - The stable equilibrium liquid configura-

tion for mercury in spherical glass tanks in a weightless environment

is one in which the liquid-vapor surface of the mercury is a surface of

constant curvature and the mercury remains in contact with the walls of

the sphere at the same contact angle as was observed in the 1-g environ-

ment. This equilibrium liquid configuration compares favorably with

the predicted configuration shown in figure 5. At liquid- to tank-

volume ratios less than 80 percent 3 the stable equilibrium liquid con-

figuration is such that the liquid-vapor surface of the mercury is a

spherical segment (figs. 12 to 16). At a liquid- to tank-volume ratio

of 80 percent 3 the liquid-vapor surface of the mercury is flat (i.e.,

a surface of infinite radius 3 see figs. 14(f) and 15(f)). At volume

ratios in excess of 80 percent the liquid-vapor surface is again a

spherical segment_ however 3 it is inverted with respect to that observ-

ed at fillings below 80 percent. The results of a test drop with a 97-

percent-full sphere are shown in figure 22. Because of the nontrans-

parency of mercury_ the concave meniscus is not seen in this sequence
of photographs. It can be concluded from the above results that the

shape of the liquid-vapor surface in spherical tanks is dictated by the

contact angle of the liquid and the constant-surface-curvature eonfigu-

ration_ and that the contact angle is unaffected by the level of the

gravity field.

Effect of tank size. - The equilibrium liquid configuration during

weightlessness appears to be unaffected by the tank size over the range
of sizes investigated (figs. 12 to 22).

Time history. - The manner in which the mercury migrates from the

1-g configuration to the zero-gravity equilibrium liquid configuration

is shown in figures 17 to 22. As discussed previously 3 at zero gravity 3

nonuniform pressure forces acting on the liquid-vapor surface of the

mercury because of nonuniform surface curvature cause the liquid to move

down the walls of the tank. As a result of liquid inflow to the center

of the liquid-vapor surface, the liquid in that region moves upward.

The liquid mass then oscillates about the equilibrium liquid configura-

tion until viscous forces in the liquid damp out the oscillations and

bring the liquid to rest (see figs. 17, 19, 203 and 21). It should be

noted that 3 in the case of the 80-percent-full sphere (fig. 21), the

"zero-gravity equilibrium liquid configuration is identical to the 1-g

configuration 3 hence no liquid motion is observed when the sphere is

placed in zero gravity.

It can be seen from figure 18 that there are times when the mercury
completely leaves the tank walls. In these cases it is felt that the

kinetic energy of the liquid resulting from the motion of the mercury

down the tank walls causes an overshoot of the zero-gravity equilibrium

configuration of sufficient magnitude to break the mercury loose from

the tank walls. The mercury 3 upon leaving the walls and under the
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action of surface tensionj becomesspherical. This spherical mass of
mercury leaves the wall w_th a small velocity_ which causes it to im-
pinge on the opposite wall of the tank. It is felt that after impinge-
ment and dissiDation of energy the mercury assumesthe stable equilib-
rium liquid configuration.

co
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Configuration of Alcohol

The results of the experimental investigation of ethyl alcohol in

spherical glass tanks are shown in figures 2S to 3S in the form of se-

lected photographs taken from the motion-picture data obtained during

each test drop. The results obtained in the 54-, 200-, SO0-, and 1068-

milliliter glass spheres are presented in figures 2S to 28. For each of

these sizes of spheres and for each value of liquid- to tank-volume

ratio investigated, three photographs are presented. The first photo-

graph shows the liquid configuration prior to being subjected to zero

gravity. The second shows the liquid as it is approaching its equilib-

rium configuration. The third gives the liquid configuration after

equilibrium is reached. The results obtained from the lO0-milliliter

glass spheres are presented in figures 27 to SS. These figures present

a sequence of photographs during the 1.95-second period of weightlessness

showing, generally; the approach to equilibrium and the liquid configu-

ration after equilibrium Js reached.

It can be seen from figures 2S to 3S that; at l-g, the alcohol

rests in a pool at the bottom of the sphere. The liquid-vapor surface

is essentially flat. The meniscus is concave in all cases_ and the liq-

uid contacts the wall at an angle of 0°.

Effect of volume ratio. - The zero-gravity equilibrium liquid con-

figuration for ethyl alcohol in spherical glass tanks at every liquid-

to tank-volume ratio investigated is a completely wetted tank wall with

a spherical vapor bubble in the interior of the liquid. This configura-

tion corresponds to the predicted configuration shown in figure 4. The

second photograph for each liquid- to tank-volume ratio in figures 25 to

26 shows the alcohol at the moment of total wetting.

Effect of tank size. - For each experimental test drop, a measure

was made of the total time required for the alcohol to wet the walls of

the spherical tanks completely. A plot of the total time required for

complete wetting against the amount of liquid in the tank for the five

tank sizes investigated is given in figure $4. The variation of total

time to complete wetting with linear surface distance above the initial

liquid level (i.e., total linear distance to be wetted) is presented in

figure Sb. Examination of these figures reveals that the time required

to wet the tank walls completely increases as the volume of the tank
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increases and decreases as the amount of liquid in a given tank increases.
Typical times for total wetting to occur for a volume ratio of 70 percent
were 0.52 and 1.76 seconds for the 54- and 1068-milliliter tanks, respec-
tively.

Time history. - The manner in which the alcohol migrates from the

l-g configuration to the zero-g equilibrium liquid configuration is

shown in figures 27 to 33. Upon exposure to zero gravity the alcohol

rises up the tank wall until total wetting has occurred. The vapor

bubble can be observed to oscillate about the spherical configuration.

Effect of Liquid Properties

In order to determine what effect liquid properties had on the time

to wet the tank walls completely_ two test drops were made in which three

lO0-milliliter glass spheresj each containing a different liquid, were

mounted in the experimental test package. Three totally wetting liquids

were used, carbon tetrachloride, ethyl alcohol, and water. These liquids

were choosen because they have nearly the same viscosity but different

density and surface tension (see table of liquid properties). The photo-

graphic results obtained from these two drops are presented in figures

56 and 37. These two sequences of photographs reveal that water_ which

has the lowest density to surface-tension ratioj completely wetted the

tank walls in the shortest timej while carbon tetrachloride_ which has

the largest density to surface-tension ratio 3 required the longest time.

The total time to wet the tank walls completely is plotted against the

liquid- to tank-volume ratio in figure 38. These results agree with the

analysis of Benedikt (see ref. 2)_ which indicated that the time to reach

equilibrium is directly proportional to the square root of the density
to surface-tension ratio.

b_
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SUMMARY OF RESULTS

The experimental investigation of the equilibrium liquid configura-

tion of typical wetting and nonwettlng liquids in spherical glass tanks

in a weightless environment yielded the following results:

i. The stable equilibrium liquid configuration for mercury in spheri-

cal glass tanks in a weightless environment was one in which the liquid-

vapor surface was a surface of constant curvature and the mercury remains

in contact with the tank walls at the same contact angle as was observed

in the 1-g environment.

2. The zero-gravity equilibrium liquid configuration of mercury

appears to be unaffected by tank size.
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S. The equilibrium configuration of mercury was affected by the

liquid- to tank-volume ratio to the extent that at volume ratios below

80 percent the liquid-vapor surface was convex and at volume ratios above

80 percent the liquid-vapor surface was concave. At a volume ratio of

S0 percent the liquid-vapor surface was flat.

4. The liquid contact angle remained constaat at i g and at zero g

and appeared to be unaffected by the level of the gravity field.

5. The zero-gravity equilibrium configuration for ethyl alcohol in

spherical glass tanks was a completely wetted tank wall with a spherical

vapor bubble in the interior of the liquid.

6. For carbon tetrachloride_ ethyl alcohol_ and water_ the time re-

quired to wet the tank wa_l completely increased with an increase in the

density to surface-tension ratio.

Lewis Research Center

National Aeronautics and Space Administration

Cieveland_ Ohio_ December 4_ 1961
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l-g configuration

iYJiiiiiiiiiiiiiiiiiiiiifiiiiill

Zero-g eluiiibrium configuration

(a) Low liquid- to tank-volume ratios.

Figure 2.

angle :

(b) High liquid- to tank-volume ratios.

- Spherical tank partially filled with wetting liquid.0 ° < _ < 90 °. Contact
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(,_) 30 percent fui i .

(b) 60 percent full.

(c) 80 percent full.

(d) 9b percent full.

Figure 5. - Spheri('al tank partially filled with nonwetting liq-

uid at different li<_uid- to tank-volume ratios. Contact angle:

90 ° < 8 < 180 °.
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(a) l-g configuration. (b) Zero-g equilibrium configu-
ration.

Figure 4. - Spherical tank partially filled with totally wetting liq-

uid. Contact angle _; 0°.
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(a) l-g configuration. (b) Zero-g equilibrium configu-
ration.

Figure 5. - Spherical tank partially filled with totally nonwetting
liquid. Contact angle ej iSO°.
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C-57170

Figure 6. - lO0-foot drop tower for simulation of weightlessness.
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--- Wire-rele( se

I |/ I

Fi ghth :'loot : _-L.i_

ex7 erim,_nt in _ \

predroD position _J'_

7

I
: [xth flo:_r:

< hemica! _ aboratory

Drag shield

support

Fifti_ floJr : mounted on

ex_3 cr imen ussembly

an_ ,,:orki ig area

Guard rail

(on all flcor_/_

First fL 0or:

6_ -ft- ieep

mechanism

--DuaL-cable hoist for

llft_ng test package

Actual Jrop

hei_i]t,

85 _'t

storage hopper

.... _" ._

Figure 7. - Schematic drawing of lO0-foot drop t)wer.

CD-757!_
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Spherical tank

containing mercury

i-55S?I

Figure i0. - View of experiment package showing spherical tank

containing test liquid mounted inside light box.



0

_d

4-)
u]

D

0
.rl

Q

s

IQ

_d

©
,d

• r (

I

_9

c_

hi?

c_
P_

CO

I

_4

(1)

,rt



28

l-g configuration Zero-g equilibrium configuration

(a) 3.7 percent full.

(b) I0 percent full.

• /

(c) 14.7 percent full.

(d) 44.1 percent full.

(e) 80.0 percent full. C-58S17

Figure IZ. - Mercury in 34-milliliter glass spheres over range of liquid-
to tank-volume ratios.
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l-g configuration Zero-g equilibrium configuration

(b) 9.3 percent full.

(c) 18.5 percent full.
C-58618

Figure 13. - Mercury in 54-milliliter glass spheres over range of liquid-

to tank-volume ratios.
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l-g configuration Zero-g equilibrium configuration

(d) 37.0 percent full.

(e) 55.6 percent full.

(f) 74.1 percent full.

!

C-58619

Figure 13. - Concluded. Mercury in 54-milliliter glass spheres over range
of liquid- to tank-volume ratios.
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l-g configuration
Zero-g equilibrium configuration

D

(d) 40 percent full.

(e) 60 percent full.

(f) 80 percent full. C-58621

Figure 1%. - Concluded. Mercury in 200-milliliter glass spheres over range

of liquid- to tank-volume ratios.
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l-g coufiguration Zero-g equilibrium configuratiou

"'i _i_

(a) 5 percent full.

(b) I0 percent full.

(c) 20 percent full. C-58620

Figure 14. - Mercury in 200-milliliter glass spheres over range of liquid-
to tank-volume ratios.
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1-g configuration Zero-g equilibrium configuration

(a) 4.7 percent full.

(b) 9.5 percent full. C-58824

Figure 16. - Mercury in l()68-milliliter glass spheres over range of liquid-

to tank-volume ratios.
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0 sec 0.2 sec

0.4 sec 0.6 sec

0.8 sec 1.0 sec

1.5 sec 1.95 sec C-58625

Figure 17. Mercury in lO0-mi!liliter glass sphere during 1.95 seconds of

zero gravity at liquid- to tank-volume ratio of 5 percent.
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0 sec

0.4 sec

0.2 sec

O. 6 sec

0.8 sec .0 sec

1.5 sec ] .95 sec ,<-586_]6

Figure 18. - .Mercury in iO0-milliliter glass sphere during 1.95 seconds of

zero gravity at liqu!{_,- %0 <ank-volume ratio of L O '>ercen<.
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0 sec 0.2 sec

I

co

0.4 sec 0.6 sec

7_""

0.8 sec 1.0 sec

!

1.5 sec 1.95 sec C-58627

Figure 19. - Mercury in lO0-milliliter glass sphere during 1.95 seconds of

zero gravity at liquid- to tank volume ratio of 20 percent.
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0 sec '_).2 sec

0.4 sec ",.6 sec

0.8 sec 1.0 sec

1.5 sec 1.95 sec _-58628

Figure 23. - Xercury in ICO-milliliter glass sphere d_ring 1.95 seconds of

zero gravity at liquid- tc tank-volume ratio of 40 _ereent.
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0 sec 0.2 sec

0.¢ sec 0,6 sec

O,S sec 1.0 sec

Figure 21. - Mercury in 100-mil!iliter glass sphere during 1.98 seconds of

zero gravity at liquid- to tank-volume ratio of 80 percent.
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initial liquid level

,2 sec 3.2 sec

41

cO

I

[_

3.% sec 0.6 s e c

0.8 sec I. 0 s e c

/

1.5 sec _.95 sec -:-$865C,

- _iez _r, ::r_] ::<:-milliliter glass sc_, _-_ i_ring I.Z!S sec_:u:_s ofFigJre oo T, _l

..... t_ - _ °zero g_.._,_., at liq_<id- to ta]d<-volume ratio of _'. oercent
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0 sec
(a) 30 percent full.

1.99 sec

1.1_ sec

0 sec (b) 40 percent fall.

1.65 sec

0 sec 0.70 sec O.7A sec 3-68631

(d) 55.8 percent full.

Fi@ure _5. - E%hyl alcohol in 54-miliiliter glass spheres over range of liquid- to ta[_-volume r_tlos.
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0 sec
0.4£ sec C._4 sec

(e) 74.1 percent full.

0 sec 0,41 sec
1.54 sec

(f) 83.3 percent full.

0 sec

Figure 23. -Concluded.

0.51 sec 0,58 sec Y-S86Z2

(g) 90 percent full.

Ethyl alcohcJl in S4-mllliliter glass spheres over r_nge of l_qui_- to ta_:-vol1/me ratios.
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C_ sec

......._ I_.T_, __ • •

1,7_ sec

(a) 40 percent full.

1.95 sec

0 sec 1.22 sec

Ib) 5<, _,ercent full,

1.45 sec

0 sec !.28 sec

_f_ 5C percent full.

•i!iii̧_

1.44 sec

0 sec 1.03 sec l.?O sec _-5_6_

(d 6:',percent full.

[_K;re 24. - Ji±hy! alcohol in 20C-milliliter gf_ss s!:heres over range of liquid- to t_n]:-volume ratios.
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0 sec I.OS sec 1.19 sec

[e) 60 percent full.

:3 sec

j.

l! )

0.92 sec

(f) 79 percent full.

1.19 sec

C sec 0.88 sec 1.05 sec

(g) 70 percent full.

Fig_ire 24. - ?ontinleJ.

r.72 sec 2.f:,2 se _ "-8,_6!4

(h) _: percent f_lll.

:_]<yl _Ico c:l b 71, ,[;-millilitel _ _lass spheyes c:ver :':tll_e of liqui]- t9 trnk-v]iur;e
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0 sec 0.72 sec

(i) 80 percent full.

1.41 sec

CO

0 sec 0.57 sec I.ZI sec

(J) 90 percent full.

0 sec

F_g<re _M. - Loncluded.

ratios.

0.51 sec I.SI sec C-598Z5

(k] 9':) percent fill.

_2:hyl aloohol in ?O[_-milliliter glass spheres over range of liquid- to tank-volume
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,3 sec

%' sec

1,82 sec _.01 sec

(a) 5C percent full,

1.55 sec 1.7C sec

(%) _8 percent full,

0 sec

0 sec

1.32 sec 1.57 sec

(c) 70 percent full.

1.08 sec 1.22 sec

(d) 80 percent full.
,2-5_656

Fig,_re 25. - Ethyl alcohol Jn 5,:2,:-TT.ii: [liter glass scheres over range :of liquid- to tank-volume ratios.
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0 sec 0.66 sec i.69 sec

(e) 90 percent full.

0 sec 0.68 sec 1.76 sec

(f) 90 percent full.

0 sec

?'[g!ire _2S. - Concluded.

rafios,

0.50 sec ].]7 sec U_S_85 _

(g) 9_ _:ercent full.

Et_y] "_lcshol in SO0-mi!liliter g]_ss spheres svcr l'_tLg_ _f iiqlli_- to iank-volumi _
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" ....... n

_J
.44

I

0 sec

O sec

0 sec

1.81 sec 1.94 sec

(a) 65.5 percent full.

1.95 sec 1.96 sec

(_ 65.5 percent full,

1,52 sec 1.61 sec

(c) 74.9 percent full.

C 5 e s

Figure ?_. - [%h'jl alcohol i_:.

1,69 sec 1.76 sec '_5_3:5r,
(,i) ;',i.9percent full.

{]:-_ ilJ]ite, gl_ss spheres ove_,- r,_nge f' !'q,li,6- it, tank-volml__ ratios.
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0 see

j,.--.._._._......._lV _

1.29 sec 1.57 sec

(e_ 84.3 ;ercent full.

0 see 0.95 sec 1.16 sec

(f) 90.2 percent full.

0 sec

Figure _6. - Concluded.

ratios.

0.65 see

(g) 95.1 percent full.

1.25 sec C-58659

_hyl alcohol in 1068-mlllillter glass spheres over range of liquid- to tank-volume
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0 sec 0.25 sec

0,.50 sec C.75 sec

!.00 sec 1.25 sec

1.50 sec 1.95 sec ,- .....

]_i_,_re 27. ,_hy.', alcohol in IC,q-millil-ter glass slhere d<_ring 1.25 s<gconds

of zero _-ra_i_',.._ at l_quidJ- to tank-volume ratio of ,_5 percent
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0 sec 0.39 sec

0.78 sec 1.18 sec

1.51 sec 1.60 sec

,i_̧_

1.78 sec 1.95 sec C-58641

Figure 28. - Ethyl alcohol in lO0-milliliter glass sphere during 1.95 seconds

of zero gravity at liquid- to tank-volume ratio of 40 percent.
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0 sec 0.31 sec

-_ ....

0.62 sec 0.94 sec

1.47 sec 1.65 sec

1.95 sec 1.95 sec C-58642

Figure 29. - Ethyl alcohol in lO0-milliliter glass sphere during 1.95 seconds

of zero gravit_ _ at liquLd- to tank-volume ratio of 5¢i percent.
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0 sec 0.26 sec

!

0.52 sec 0.77 sec

0.95 sec 1.14 sec

1.57 sec 1.95 sec C-586_5

Figure 50. - Ethyl alcohol in lO0-milliliter glass sphere during 1.95 seconds

of zero gravity at liquid- to tank-volume ratio of 60 percent.
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0 sec 0.21 sec

0.42 sec 0.62 sec

0.8_ sec 1.40 sec

1.69 sec 1.95 sec C-58644

Figure _i. - Ethyl alcohol in lO0-milliliter glass sphere during 1.95 seconds

of zero gravity at liquid- %o tank-volume ratio of 70 percent.
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0 sec 0.16 see

0.52 sec 0.50 sec

0.89 sec 1.57 sec

1.55 sec 1.95 sec C-586_5

Figure 32. - Ethyl alcohol in lO0-milliliter glass sphere during 1.95 seconds

of zero gravity at liquid- to tank-volume ratio of 80 percent.
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I

0 sec 0.15 sec

0.26 sec 0,40 sec

0.68 sec 0,98 sec

t.09 sec 1.95 sec 3-58646

Figure 53. - Ethyl alcohol "_ lO0-milliliter glass sphere during 1.95 seconds

of zero gravity at liq_:[d- to ta._k-volume ratio of D( percent.
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0 sec 0.25 sec

0.46 sec 0.71 sec

0.92 sec 1.24 sec

1.51 sec _.73 sec

1.91 sec 1.95 sec 8-58647

F-'_gure 56. - CarY:on tetrach]oride_ ethyl alcohol_ and water during 1.95

seconds of zero gravity at liquid- to tank-volume ratio of 50 percent.
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0 sec 0.14 see

0.28 sec 3.42 sec

0.56 sec 0.79 sec

0.96 sec 1.54 sec

1.77 sec !.9_ sec -56_649

Fi@ire 57. - Car"_on refer%chloride, ethyl alcohol, s._:;__¢,t,_ duriug l._

seconls of zero gray't/ at liquid- to ta_i-v,olume ra<',, of 7S, percent.
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0

0

1.6

1.2

0 Carbon tetrachloride

0 Ethyl alcohol

Water

1
%

c_

,-lO0-ml tank with
!

, ethyl alcohol

(from fig. 64)

.4 _
20 40 CO _0

Liquid- to tank-volume ratio_ percent

Figure 5S. - Comparison of time required to wet tank wgils

comp!ete_y for three Jiquids in lO0-miJii_iter glass

spheres.
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